Υ-aminobutyric acid (GABA) is a non-protein amino acid in a wide range of organisms. In plants, GABA is proposed to take multiple functions under nonstressed and stressed conditions. It is a key metabolite for primary and secondary pathways being an important intermediate of nitrogen metabolism and amino acid biosynthesis. In addition, the GABA metabolism through the GABA shunt provides a source for carbon skeletons and energy for down-stream biosynthetic pathways. GABA is also involved in signaling or regulatory mechanisms. It indirectly affects plant growth and development throughout the whole crop cycle and it accumulates rapidly in response to abiotic stresses. It has been shown to contribute to responses to biotic stresses through multiple mechanisms. An overactivation of the GABA shunt can help to restrict the spread of necrotrophic fungi like Botrytis. The activity of GABA against insects may be based either on a direct inhibitory effect or on an induction of down-stream defense reactions or on a combination of both mechanisms. The dual function of GABA as a metabolite and as a component of signaling pathways is a combination enabling plants to cope with different conditions. Exogenously applied GABA triggers similar effects than the intrinsic molecule and may, therefore, offer the potential to improve the overall vigor of plants.
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PUBLIC INTEREST STATEMENT
GABA is a non-protein amino-acid that occurs naturally in plants, animals, and microorganisms, and has multiple metabolic and physiological functions in plants which positively impact vigor, growth and development and yield of plants in general and of agricultural crops in particular. The aim of this review is to present a brief overview on the metabolic pathway of GABA in plants and to compile the information on the metabolic and physiological effects of exogenously applied GABA in plants.
Introduction
Υ-aminobutyric acid (GABA) a non-protein amino acid is an important component of the free amino acid pool of living organisms. It can be found in all types of organisms including bacteria, fungi, plants and animals (Ramos-Ruiz, Poirot, & Flores-Mosquera, 2018) . The enzymes involved in its metabolism are highly conserved across all organisms.
Several functions of GABA in plants have been described in detail (Podlesakova, Ugena, Spichal, Dolezal, & De Diego, 2019) . Further to its metabolic role, GABA acts as an endogenous signaling molecule in plant growth regulation and plant development (Carillo, 2018; Fait, Fromm, Walter, Galili, & Fernie, 2008; Renault et al., 2011) . In addition, it seems to be an important component in the regulation of carbon: nitrogen metabolism (Bouche & Fromm, 2004) . There is strong evidence that GABA is involved in mediating tolerance towards a variety of environmental stresses such as low light, salinity, nitrogen starvation, drought or temperature (Kinnersley & Turano, 2000) and that it promotes plant growth and mitigates stress via up-regulating antioxidant defense systems and may therefore also contribute to the improvement of shelf life and crop quality during storage. The GABA metabolism has been shown to be involved in the recycling and reallocation of nitrogen during leaf senescence caused by abiotic stress (Jalil, Ahmad, & Ansari, 2017) . In addition, it was demonstrated that it can also play a role in the defense of plants towards biotic stress caused by insects and necrotrophic fungi (Bown & Shelp, 2016; Seifi et al., 2013) . The different roles of GABA in plants might be functionally linked and difficult to be separated from each other (Michaeli & Fromm, 2015) .
The biochemical mode of action of GABA has been elucidated in detail (Michaeli et al., 2011; Shelp, Bown, & Zarei, 2017) . Endogenous GABA is mainly formed from glutamate by the activity of the cytosolic enzyme glutamate decarboxylase (GAD). In the mitochondrial matrix, it is metabolized via the so-called GABA shunt which is associated with various physiological responses including the carbon flux into the tricarboxylic acid cycle (TCAC), the regulation of cytosolic pH, osmoregulation, and energy production and signaling. The connection of the GABA shunt with the TCAC finally links carbon and nitrogen metabolisms in plants.
The objective of this article is to provide an overview on the morphological and physiological effects in whole plants caused by exogenously applied GABA. The metabolic pathway of GABA in plants is presented and the metabolic changes induced by exogenous GABA are discussed.
The metabolic pathway of GABA in plants
Within plants GABA is mainly formed from glutamate by an irreversible reaction of cytosolic glutamate decarboxylase (GAD), alternatively through polyamine degradation (Yang, Yin, & Gu, 2015) or by a nonenzymatic reaction from proline under oxidative stress ( Figure 1 ). In Arabidopsis, five genes encoding GAD are expressed differently in different plant organs and their expression can change according to plant processes and growth conditions (Bouche & Fromm, 2004) . GAD is a Ca 2+ dependent calmodulin binding protein which is stimulated by changes of the cytosolic Ca 2+ levels and neutral pH in intact plants (Snedden, Arazi, Fromm, & Shelp, 1995) .
Experiments with pollen tube growth demonstrated a positive feedback control of GAD on Ca 2+ channels which are dependent on extracellular GABA signals, i.e. through the application of GABA (Ling, Chen, Jing, Fan, & Wan, 2013; Yu, Zou et al., 2014) . Consequently, changes of intracellular GABA levels induced the expression of signaling and metabolism-associated genes. After wounding of plant cells and subsequent release of the vacuolar content, GAD activation was shown to be Ca 2+ independent through acidification of the cytosol (Carrol et al., 1994) .
GABA permease (GABA-P) located in the mitochondrial membrane connects the GABA shunt and the TCA cycle to allow uptake of cytosolic GABA into mitochondria where finally energy and carbon skeletons are provided by the TCA cycle (Michaeli et al., 2011) . GABA is metabolized via the GABA shunt which bypasses two steps in the TCA cycle from α-ketoglutarate via succinic-CoA to succinate (Bouche, Fait, Bouchez, Møller, & Fromm, 2003) . In the mitochondrial matrix, GABA is metabolized to succinic semialdehyde (SSA) by GABA transaminase (GABA-T) (Renault et al., 2013) . Two types of GABA-T use either α-ketoglutarate (GABA-TK) or pyruvate (GABA-TP) as amino acceptors, with the products glutamate or alanine. Subsequently, SSA is converted by SSA dehydrogenase (SSADH) to succinate, a component of the TCA cycle, and NADH. Both compounds are electron donors to the mitochondrial electron transport chain with the final product ATP. The negative feedback regulation of SSADH by NADH and ATP might be a possible explanation of how GABA is linked to other pathways than the TCAC, e.g. signaling pathways. Alternatively, SSA can be reduced to γ-hydroxybutyrate (GHB) by succinic semialdehyde reductase most likely located in the cytosol or in chloroplasts. GHB accumulates as a response to environmental stress (Allan, Simpson, Clark, & Shelp, 2008) and ssadh mutants of Arabidopsis accumulating GHB were shown to be less vigorous with reduced chlorophyll content and less flowers than the wild type (Bouche et al., 2003) . The relationship between Figure 1 . GABA metabolic pathway in plants. In plants, the glutamine-synthetase/glutamate-synthetase (GS/GOGAT) cycle is the principal nitrogen assimilation pathway into glutamate (Glu) and amino acids. The GABA shunt is composed of three enzymatic steps (blue). Glutamate decarboxylase (GAD) dependent on Ca 2+ -Calmodulin is located in the cytosol and catalyses the conversion of Glu into γ-aminobutyric acid (GABA). GABA permease (GABA-P) mediates the uptake of GABA into the mitochondrial matrix where it is subsequently converted into succinic semialdehyde (SSA) by GABA transaminase (GABA-T) with either α-ketoglutarate (α-KG) or pyruvate (Pyr) as amino acceptors. Succinic semialdehyde is then reduced by succinic semialdehyde dehydrogenase (SSADH) into succinate (Suc), a component of the tricarboxylic acid cycle (TCAC). Succinate and NADH are electron donors to the mitochondrial electron transport chain (ETC). Alternatively, succinic semialdehyde can be reduced to γ-hydroxybutyric acid by a succinic semialdehyde reductase (SSR) in the cytosol.
GABA and GHB is not yet clear. The bypass of the TCA cycle by the GABA shunt was demonstrated by inhibition of the relevant enzymes of the TCA cycle and the subsequent compensation through an increased flux through the GABA shunt (Araujo, Nunes-Nesri, Trenkamp, Bunik, & Fernie, 2008) . Contrarily, mutants of Arabidopsis lacking the mitochondrial GABA transporter showed a reduced uptake of GABA into the mitochondria and an increased TCA cycle activity (Michaeli et al., 2011) . In plants, aluminum-activated malate transporter proteins (ALMT) are assumed to act as GABA receptors inhibited by GABA and activated by anions and commonly available within plant tissue. It is proposed that the GABA mediated ALMT regulation represents a signaling pathway possibly via changing membrane potentials which in turn can trigger physiological changes throughout the plant (Gilliham & Tyerman, 2016; Ramesh et al., 2015) . The distribution and characterization of ALMT in plant cells and across plant tissue have not yet been clarified.
Behaviour of GABA within plants
Mechanical wounding of a single leaf in Arabidopsis induced a systemic accumulation of GABA in the intact adjacent leaves (Scholz, Reichelt, Mekonnen, Ludewig, & Mithöfer, 2015) . Scholz et al. (2017) showed that the systemic accumulation of GABA upon wounding in Arabidopsis is not dependent on the direct translocation of GABA throughout the plant. The application of D 2 -GABA to wounded leaves of pop2-5 mutant plants which are unable to degrade GABA resulted in an increase of GABA in the wounded leaves and in a de novo synthesis in systemic untreated leaves, but no translocation to unwounded leaves unconnected to the wounded leaf could be demonstrated.
Morphological responses of plants to exogenous GABA
After being taken up by the plant cells, exogenously applied GABA acts in the same way as endogenous GABA. It has been shown that exogenous GABA can induce changes of the endogenous GABA level under non-stress and stress conditions (Cekic, 2018; Li et al., 2017) .
The application of GABA can affect different growth stages and morphological attributes of plants. In maize seedlings, a split application of GABA significantly improved root and shoot fresh weight of the seedlings. Depending on the variety, root and shoot dry weight increased as well. Coincidentally different physiological and biochemical mechanisms, a.o. net photosynthesis rate, SPAD, anti-oxidant enzymes and enzymes of the nitrogen metabolism were upregulated suggesting that these parameters positively influenced the morphological growth of the seedlings under the influence of GABA (Li, Lin et al., 2016) . The performance of white gourds was significantly influenced in consequence of foliar treatment with GABA under field conditions. While a concentration-dependent increase of the leaf length could be demonstrated a similar effect on the leaf width was not observed. In addition, pre-yield factors like the number of female and especially the number of male flowers per plant increased depending on the dosage of the applied product (Ali, Ashrafuzzaman, Ismail, Shahidullah, & Prodhan, 2010) . Soaking of pak-choi seeds with GABA significantly enhanced the growth and quality of the crop and affected the nitrate metabolism of the plants (Li, Tian, X-L., GONG, & Gao, 2016) . In grapevines, GABA is present in leaves, bunches and branches in equivalent amounts and only in tendrils the amount of GABA was found to be up to 5 times higher. Treatment of isolated tendrils with GABA induced a transient and reversible positive effect on the coiling of the tendrils (Malabarba, Reichelt, Pasqualil, & Mithöfer, 2018) .
Citrus seeds, treated with GABA prior to exposure to high concentrations of NaCl, improved the adaptation of the seeds to the saline conditions indicated by a higher germination rate and longer radicles (Ziogas, Tanou, Belghazi, & Diamantidis, 2017) . Seeds or seedlings of wheat treated with GABA were able to partially compensate adverse effects of NaCl on seed germination and seedling development. Depending on the concentration of GABA and NaCl, germination and shoot dry mass partially improved (Li, Guo, Yang, Meng, and Wei (2016) . Root growth of rice seedlings exposed to excessive NH 4 was alleviated when stressed plants were cultivated on GABA amended medium (Ma, Zhu, Yang, Gan, & Xla, 2016). Growth and survival of rice seedlings exposed to heat stress was restored in stressed plants growing on GABA containing medium (Nayyar, Kaur, Kaur, & Singh, 2014) . Seedling root elongation of barley exposed to H + and Al 3+ (Song, Xu, Wang, Wang, & Tao, 2010) was improved. Exogenous GABA alleviated root growth retardation and restored biochemical functionalities of melon (Wang, Li, Xia, Wu, & Gao, 2014) and corn seedlings under hypoxia. The inhibition of tomato seedling development (Malekzadeh, Khara, & Heydari, 2014) due to chilling injury could be compensated by GABA treatments which finally led to the enhancement of the activity of antioxidant enzymes.
These observations indicate that exogenous GABA has beneficial effects on plant development of non-stressed and especially also of stressed plants in different phases even though details of the underlying mechanisms still need clarification.
Physiological responses of plants to exogenous GABA

Carbon and nitrogen metabolism
Nutrient supply of plants is dependent on both photosynthesis and uptake through the roots. Arabidopsis mutants lacking enzymes for respiration showed an increased amino acid accumulation under extended dark. The accumulation was associated with an increase of both, protein degradation and accumulation of GABA and TCA cycle intermediates indicating that the GABA shunt was intensified to maintain respiration (Araujo et al., 2010) . The metabolic pathway of GABA is divided between cytosol and the mitochondrial matrix and therefore GABA or GABA metabolites have the possibility to enhance photosynthesis via the mitochondrial matrix (Michaeli & Fromm, 2015) . This was confirmed by Xia, Goa, and Li (2011) who showed a direct effect of the treatment of musk melon seedlings with GABA on the increase of photosynthesis parameters.
Changes of the nutrient environment in plants induce modifications of uptake and metabolism through complex systems. The GABA shunt appears to be a part of the metabolic pathways involved in the balance between carbon and nitrogen through assimilation of carbon from glutamate and the carbon flux through the TCA cycle (Michaeli & Fromm, 2015) . On the other hand, the assimilation of inorganic nitrogen leads to the production of glutamate, the substrate for the biosynthesis of amino acids, including GABA. The involvement of GABA in the regulation of the nitrogen level in plants is not yet clear. The expression of nitrate transporters on a transcriptional level increased when GABA was added to the growth medium while the effect on nitrate influx was low indicating that additional factors might be involved in the regulation of nitrate uptake (Beuve et al., 2004) . Barbosa, Singh, Cherry, & Locy, 2010) showed that the growth of Arabidopsis thaliana in artificial medium in the presence of exogenous GABA is dependent on the NO 3 level in the substrate and enzymes involved in carbon and nitrogen metabolism including nitrate reductase were regulated differently depending on the GABA concentration in the growth medium. These results either indicate that the growth effects seen in response to GABA are mediated via its metabolic role through the TCA cycle or that GABA acts as a signal for primary nitrogen metabolism and nitrate uptake in addition to its metabolic role as a carbon and nitrogen source.
Responses to biotic stress factors
GABA has been shown to induce resistance of treated crops towards plant pathogenic fungi and it has also been demonstrated that it can play a role in the defense of plants against damaging insects. There is experimental evidence that GABA has a direct measurable inhibitory effect on larvae of Spodoptera littoralis and Choristoneura rosaceana not only when added to their artificial diet but also after an infestation of GABA-enriched Arabidopsis mutants. The development of the larvae was delayed, their growth rate reduced and their survival rate decreased (Bown, Hall, & MacGregor, 2002; Bown, MacGregor, & Shelp, 2006; Ramputh & Bown, 1996; Scholz et al., 2015) . These results demonstrate that GABA can have a direct and immediate effect on sucking or chewing insects in addition to its involvement in triggering down-stream defence reactions in the infested plants which are related with an accumulation of GABA. Elevated levels of GABA were detected locally in tobacco and soybean leaves as a response to insect damage (Bown et al., 2002) .
It can be assumed that the effect of GABA against the insects is neither based on its direct effect nor on its function as a signaling molecule but that most likely a combination of both mechanisms is involved. Seifi et al. (2013) demonstrated a biphasic defense response of sitiens tomato mutants towards Botrtytis cinerea comprising an early localized hypersensitive response at the penetration site and a timely overactivation of the GABA shunt. The authors postulate that the supply of energy and carbon skeletons helps both to control the extent of the hypersensitive response at the penetration site and to maintain the viability of the surrounding tissue indicated by a chlorotic ring. When wild type plants were treated with GABA prior to inoculation their susceptibility decreased and they showed similar macroscopic symptoms than the mutant. The authors assume that the same mechanism of overactivation of the GABA shunt in response to the infection with Botrytis cinerea was operating in the susceptible wild type and in the mutant. In case of Botrytis a direct fungitoxic or fungicidal effect of GABA can be excluded because the growth of the fungus was not affected on GABA amended agar.
In studies with tomatoes (Yang et al., 2017) and pears Yu, Zeng, Sheng, Chen, & Yu, 2014) treatment with exogenous GABA applied prior to inoculation induced resistance of these crops towards fungal pathogens. The simultaneous increase of antioxidant enzymes such as catalase and peroxidase, in the treated plant parts suggests that GABA induced resistance towards biotic stress is at least in part dependent on the activation of antioxidant enzymes which restrict the plant cell death caused by reactive oxygen species (ROS).
For the time being there are no observations reported which indicate an adaptation or tolerance of organisms towards GABA. The development of resistance against insects or fungi is considered to be unlikely because GABA is a component of natural plant metabolism and, based on the knowledge of today exogenous and endogenous GABA are metabolized in the same way.
Improvement of shelf life and storage quality
GABA treatment was shown to be an effective approach for postharvest quality maintenance and improvement of the storage performance of bananas , citrus (Sheng, Shen, Luo, Sun, & Cheng, 2017) , cucumber (Malekzadeh, Kosravi-Nejad, & Hatamnia, 2017) or peaches (Aghdam, Farhang, & Fatemeh, 2015; Shang, Cao, Yang, Cai, & Zheng, 2011; due to enhancement of antioxidant enzymes. Li et al. (2019) demonstrated that the application of GABA protects pears from peel browning during long-term storage at low temperatures. In addition to lower browning indices also the content of ROS and malondialdehyde decreased while in parallel, gene expression and activities of antioxidant enzymes increased and the mitochondrial structure was maintained. Furthermore, the concentration of endogenous GABA increased compared to untreated pears. When Zucchini fruits were treated with GABA during postharvest cold storage, the quality of the fruits expressed by the chilling injury index and weight loss was improved compared to untreated. On cellular level, a higher GABA content during the whole trial period accompanied by increasing activities of GABA-T and GAD indicated the important role of constituents of the GABA shunt for the compensation of damage due to cold stress during storage (Palma et al., 2019) . Also, postharvest indices of cut flowers were improved by pre-and postharvest GABA treatments (Aghdam, Naderi, Jannatizadeh, Babalar & Faradonbe, 2016; Aghdam, Naderi, Jannatizadeh, Sarcheshmeh, & Babalar, 2016) . Aghdam, Naderi, Sarchesmeh, and Babalar (2015) observed a dose-dependent positive effect on chilling injury and spathe browning after application of GABA at 1, 5, 10 and 20mM as preharvest spray or postharvest stemend dipping. Furthermore, the membrane integrity was maintained, the overall antioxidant capacity as well as the activity of PAL enzyme was increased compared to untreated. Therefore, it can be concluded that the application of GABA helped to mitigate the chilling injury of the Anthurium cut flowers.
Responses to abiotic stress factors
Endogenous GABA levels were enhanced by exogenous GABA and the tolerance of plants towards abiotic stress was improved via positive regulation of the GABA shunt and associated pathways Bao & Li, 2015) . In many studies in different crops such as lentils, melon, rice, wheat exogenous GABA application effectively alleviated germination or growth inhibition caused by unfavorable environmental conditions such as extreme temperatures, drought, water, salt, light or oxygen stress (Alqarawi et al., 2016; Al-Quraan & Al-Omari, 2012; El-kereamy et al., 2012; Fan, Wu, Tian, Jia, & Gao, 2015; Hu, Xu, Xu, Li, & Zhou, 2015; Koppitz, Dewender, Oostendorp, & Schmieder, 2004; Li, Yu, Peng, & Huang, 2016; Lum, Shelp, DeEll, & Bozzo, 2016; Mahmud et al., 2017; Nagao, Matsui, & Uemura, 2008; Takahashi, Matsumura, Kawai-Yamada, & Uchimiya, 2008; Vijayakumari & Puthur, 2016) . The tolerance of wheat cultivars to salt and osmotic stress was shown to correlate with increased GAD expression and GABA accumulation (Al-Quraan, Sartawe, & Qaryout, 2013) . demonstrated that the improvement of wheat seedling development under salt stress correlated a.o. with partially enhanced photosynthetic capacity and activity of antioxidant enzymes. Also in rice seedlings exposed to heat stress, restoration of growth was accompanied by a stimulation of different antioxidant enzymes (Nayyar et al., 2014) . A higher expression of GABA receptor genes in drought-tolerant barley seedlings was observed (Guo et al., 2009) . In plants, the GABA shunt regulated by Ca 2+ via GAD was activated under stress conditions (Bai, Yang, Zhang, & Gu, 2013) . If plants under stress were treated with GABA, the GABA shunt activity increased, the photosynthetic capacity enhanced, the level of endogenous GABA and also the levels of anti-oxidant enzymes increased while in parallel the content of malondialdehyde (MDA), a marker for oxidative stress, and the accumulation of ROS decreased (Gao & Guo, 2004; Jia et al., 2017; Liu, Zhao, & Yu, 2011) and finally the membrane integrity of the treated plants was maintained . Possibly enzymes which are bypassed by the GABA shunt are sensitive to oxidative stress. This sensitivity then could lead to a lower efficiency of the TCAC for which the GABA shunt can compensate in stressed plants. A functioning GABA shunt seems to be necessary to restrict ROS increase. Exposure to abiotic stress can cause leaf senescence which is usually accompanied by degradation of proteins and lipids. Degradation products are reallocated to the metabolic process and redistributed to growing plant parts or ripening fruits (Ansari, Hasan, & Jalil, 2014) . Amino acids formed during the degradation of proteins are in part converted to glutamate and finally to GABA. Nitrogen and carbon skeletons become again available to the metabolic system of the plant through the enhanced activity of the GABA shunt, in particular, GABA-T, and further down-stream pathways as has been demonstrated by Ansari (2016, 2017) ) with GABA-T mutants of Arabidopsis thaliana.
Conclusions
GABA is a key metabolic component in plants where it has two major functions.
On one hand, it acts as a substrate for different key pathways and it is evident that it plays a key role as an interface linking several primary and secondary pathways in plants. Related to this metabolic roles are among others the provision of carbon skeletons and energy, the regulation of cytosolic pH, the involvement in nitrogen metabolism and possibly also the direct effect on insects. On the other hand, many studies demonstrated a relationship between stress perception, GABA accumulation and physiological reactions of the plants suggesting that GABA is also involved in signaling pathways either as a signal itself and/or as a trigger for signals for downstream pathways such as generation of ROS, activity of antioxidant enzymes, interaction with plant hormones or defense reactions against fungi and insects. In plants, exposure to stress leads to the accumulation of cellular Ca 2+ and in a next step the Ca 2+ /CaM activation of GAD stimulates the conversion of Glutamate to GABA. GABA in turn regulates the activity of ALMTs which possibly trigger signals for downstream processes. Details of these complex relationships still need to be elucidated.
It has also been shown that GABA indirectly fine-tunes the growth and development of plants under non-stress conditions. GABA promotes germination, it influences the growth pattern of roots and above-ground plant parts and it modulates the photosynthetic capacity and plays a role in nitrogen metabolism.
The increase of intracellular GABA can induce the expression of signaling and metabolismassociated genes involved in the regulation of plant growth and plant vigor and increased stress tolerance. Together, these positive effects finally may also influence the quality and quantity of yield. Exogenously applied GABA can enhance the level of endogenous GABA thus providing beneficial effects on plant development and plant growth like the intrinsically formed molecule. The positive impact on plants together with the ability to induce stress tolerance in plants suggests that GABA could be considered as a tool to improve the quality of agricultural crops. However, for a better understanding of the potential of GABA more work on a broad range of crops and especially under practical conditions is necessary.
